Here, we report that a single-cell microwell array based on photocrosslinked hydrogel can be used to screen cells exhibiting a defective regulatory volume decrease (RVD) in high-throughput. The RVD is a regulatory function of cells that maintains cell volume homeostasis in a hypotonic medium. Single Madin-Darby canine kidney (MDCK) cells grown in the microwells were loaded with a volume-sensitive fluorescence dye. Changes in the volume of discrete single cells were traced for 20 min in a hypotonic solution using a wide-field fluorescence microscopy. The volume changes of more than 100 single cells were analyzed simultaneously using time-lapse fluorescence micrographs. Cells showing erratic RVD could be easily screened from the image analysis. Nearly 40% of the MDCK single cells exhibited weak, or no, RVD. Since other previously reported methods could not detect as many changes in the volume of discrete singles cells as the method used in this report, we anticipate that our reported method will provide an efficient way of elucidating the RVD mechanisms of cells that have not yet been completely understood.
Introduction
In response to an external stimulus, cells can modify their chemical and physical properties to sustain cell homeostasis. Cell volume regulation is an important cell physiological process, which enables cells to maintain cell volume homeostasis after an osmotic shock. 1, 2 For example, osmotically swollen cells in a hypotonic solution return to their original volume by releasing KCl, nonessential organic osmolytes, and water via regulatory volume decrease (RVD). On the other hand, osmotically shrunken cells in a hypertonic solution recover their volume by uptaking KCl, NaCl, and water via regulatory volume increase (RVI).
Erratic cell volume regulation can cause serious problems with the proper functions and eventually survival of cells. 3, 4 Understanding the whole picture of the cell volume regulation mechanisms has been an important issue for a long time. This requires an understanding of cell sensing mechanisms for the volume change and complicated signal pathways that finally lead to the activation of ion channels, pump, and/or co-transporters. 1 Previous studies have shown that intracellular macromolecular crowding, 5, 6 ion concentrations, 7-9 cytoskeleton reorganization, 10 and mechanical or chemical changes in membrane 11 can be attributed to the sensor for cell volume change. These changes can activate channels or transporters in a direct manner or via cascade signal pathways; however, cell volume regulation is not yet completely understood, because sensors for changes in the cell volume do not function solely, but concurrently and interdependently.
To study volume regulation, absolute cell volume or a change in cell volume is measured using a coulter counter, 12 light scattering, 13 impedance sensor, 14, 15 and optical or fluorescence microscopic methods. [16] [17] [18] These methods either measure collective responses of a cell population 12, 14 or the average response of a few single cells. 13, [15] [16] [17] Probing a large number of single cells generates valuable information that can be hidden by the averaged information of a population of cells. 19, 20 However, with these previously developed techniques, it is difficult to investigate cell volume regulation of individual single cells in an efficient manner.
Numerous methods used to manipulate and analyze single cells in a platform of microfluidic device have been reported. 21 Among these, a method using a microwell array was chosen for our study on cell volume regulation of Madin-Darby canine kidney (MDCK) single cells adhered onto a surface. Microwell arrays have been widely used to spatially arrange a large number of single cells, because they can separate singles cells by physical boundaries. 22, 23 Since the properties and regulation of the transport systems and ion channels in MDCK cells become complicated according to the development stage of the MDCK cells, 4 the confluent or sub-confluent cells are expected to show different RVD behaviors compared with single adherent cells. Thus, the single adherent cells can act as a basic model to explore the cell sensory mechanisms involved with the RVD. The analysis results of RVD at a single-cell level need to be combined with a further analysis to examine the expression levels of proteins in the single cells. For this further analysis, single cells can be more easily located in a microwell array than in a group of single cells randomly adhered on a surface. The evolving behaviors of cells are often determined by local environmental cues, which are not limited to soluble and surface-bound biochemical signals and cell-cell junctions. The microwell array is an ideal platform that can provide homogeneous microenvironments to single cells by spatially isolating them in the microwells.
Several different approaches of fabricating microwell arrays have been reported. The Walt group used chemical etching to construct microwells on the surface at the end of an optical fiber. 24 Traditional microfabrication technology that combines photolithography with chemical etching or deep ion reactive etching was used to create microwells on a glass 25 or Si substrate. 26 Alternatively, a microwell array based on photoresist 27 or photocrosslinkable hydrogel 28 could be directly constructed on a glass substrate without the use of a harsh chemical etchant. Polydimethyl siloxane (PDMS) microwell arrays were also prepared by casting PDMS prepolymer against a master that was made of a photoresist polymer 29 or selfassembled 2D polystyrene microbeads. 30 Yamamura et al. used an injection molding to construct a polystyrene-based microwell array. 31 Among these previously reported methods, using a photocrosslinkable hydrogel array or a self-assembled microbead array is relatively simple and cost-effective to fabricate singlecell arrays. However, in using the latter as a master for microwell arrays, the microwell size is limited by the availability of microbeads of specific diameter.
Here, we report a high-throughput method to screen cells showing erratic cell volume regulation. To probe the cell volume regulation at a single cell level, we trapped and cultured single cells in a microwell array platform that was constructed with photocrosslinked hydrogel, while solving technical issues that were not described in a previous report. 28 Then, the single cells were loaded with a fluorescence dye (calcein) that is sensitive to changes in the cell volume, and observed with a wide-field fluorescence microscope in a time-dependent manner. This new approach to study cell volume regulation allowed us to measure volume changes of a large number of single cells simultaneously. Thus, we expect that our reported method can help to investigate the causes of dysfunctional cell volume regulation in a highly efficient manner.
Experimental

Reagents and chemicals
Poly(ethylene glycol) diacrylate (PEG-DA) (MW 575), 2-hydroxy-2-methylpropriophenone (HMPP), 3-(trichlorosilyl) propyl methacrylate (TPM), hexamethyldisilazane, and fibronectin were purchased from Sigma-Aldrich (St. Louis, MO). AZ P4620 photoresist and AZ 400K developer were obtained from AZ Electronic Materials Corp. (Somerville, NJ). Hexane, dichloromethane, ethanol and acetone were purchased from PHARMCO-AAPER (Brookfield, CT). A Sylgard 184 Silicone Elastomer Kit containing polydimethylsilane (PDMS) elastomer and curing agent was purchased from Dow Corning Corporation (Midland, MI). Calcein-AM was obtained from Molecular Probes-Life Technologies (Grand Island, NY). Microscopic glass slides were purchased from VWR (Batavia, IL). The photomask was obtained from CAD/Art Services, Inc. (Bandon, OR).
Cell test and analysis
Detailed procedures of fabricating a hydrogel microwell array and a cell culture were described in Supporting Information. Calcein-AM dye was used to examine the viability of cells and measure a change in cell volume in a non-isotonic solution.
A stock solution of 10 mM calcein-AM was prepared in anhydrous DMSO, aliquoted into several small vials, and stored in a freezer until use. Just prior to use, the calcein-AM stock solution was thawed and diluted to 4 μM with a pH 7.4 isotonic solution that consisted of 137.9 mM NaCl, 2.7 mM KCl, 0.49 mM MgCl2, 0.9 mM CaCl2, 1.47 mM KH2PO4, and 8.10 mM Na2HPO4. The calcein-AM solution was added to sufficiently cover the cells in the microwell array, after they were washed with an isotonic solution. The cells were incubated at 37 C for 20 min, and then rinsed with the isotonic solution.
The viability of cells was examined using an inverted epi-fluorescence microscope (Axiovert 200M, Zeiss, Germany) equipped with a CCD camera (AxioCam MRm, Zeiss, Germany) and a FITC cube filter set (Ex, 470 ± 40 nm; dichroic filter, 495 nm; Em, 525 ± 50 nm). Hypotonic and hypertonic solutions were prepared by diluting an isotonic solution with deionized water and adding the required amount of mannitol to an isotonic solution, respectively. The osmolarity of the solutions were measured using an osmometer (Model 3250, Advanced Instruments, Inc., Norwood, MA). To test the RVD of single cells, time-lapse fluorescence micrographs were collected every 30 s for a 20-min period, while calcein-loaded cells were exposed to 150 mM hypotonic solution. The CCD integration time for each micrograph was set to 0.7 s unless otherwise noted.
To minimize the photobleaching of calcein dye, calcein-loaded cells were blocked from the lamp exposure with an optical shutter except for the data acquisition time.
Time-lapse fluorescence micrographs were recorded using AxioVision Software (Zeiss, Germany). Then, they were analyzed using ImageJ (National Institutes of Health, MD).
Results and Discussion
A hydrogel-based microwell array was constructed by introducing a 50% (v/v) PEG-DA solution containing a photoinitiator into the PDMS template and photopolymerizing the PEG-DA, as described in Scheme 1 (see the images of a photomask, a PDMS template, and hydrogel array in Fig. S1 in Supporting Information). Although there are some irregularities in the circular shape of the microwells, as shown in Fig. S1D , overall, 25 × 25 microwell arrays could be successfully created. The average and the standard deviation of the diameters of the Scheme 1 Fabrication steps of hydrogel-based microwell array. microwells were 26.2 ± 0.5 μm (n = 625). The height of the microwells is estimated to be 20 -24 μm based on the measurements of the height of a photoresist master.
Previously, Revzin et al. constructed a microwell array by directly exposing a PEG-DA coating layer to UV-light via a photomask. 28 However, this approach had some limitations. Since low molecular weight PEG-DA (M.W. 575) is liquid at room temperature, a photomask cannot be directly placed on the top of the PEG-DA coating layer. The photomask should be placed on the other side of a substrate for coating, or should have a gap from the wet coating layer. This would create a discrepancy in the dimensions of fabricated microwells from those of the microwell patterns in the photomask. In addition, hydrogel structures are better to construct in a hydrated state, because when a hydrogel was alternately dried and submerged in water, it often showed a crack. The crack is most likely due to a mechanical strain created by a hydrogel swelling in a height direction. Previously, it was reported that the hydrogel structure made of PEG-DA in a water-free state showed an increase in height by ~30% when hydrated. 32 On the other hand, if a hydrogel precursor solution is prepared in water, it is much more difficult to spin-coat it on a substrate. This is because water is difficult to evaporate from the coating layer and also makes the gel solution less viscous than pure PEG-DA, which produces a poor coating quality.
The use of a PDMS template resolved the problems mentioned above. We could successfully fabricate the microwell array by introducing a 50% PEG-DA precursor solution into the template and photopolymerizing the PEG-DA. Since the hydrogel microarray was constructed and remained in a hydrated state until its use, the dimensions of the microwells did not change after the addition of a cell culture solution, and therefore cracking was not an issue. We also confirmed that the hydrogel microstructures could remain on the TPM-modified glass surface without any detachment for at least 1 week when kept in a hydrated condition.
After the whole microwell array device was sterilized, the bottom surface of the microwell array, which is a bare glass surface, was coated with fibronectin as shown in the step 2 of Scheme 1. This fibronectin coating layer promoted cell adhesion inside the microwells, 33 while the repeating unit of ethylene group of the hydrogel well prevented the adhesion of cells. 34 We chose MDCK cells for the RVD test, because cell volume regulation is important to kidney cells, 1 which are exposed to various osmolarity conditions in a living system. Previous research has reported that MDCK cells exhibited RVD in a hypotonic media. 35 After confluent MDCK cells were trypsinized, a droplet of cell-suspending solution was placed to fully cover a hydrogel microwell array. The cell concentration used for seeding was 3 × 10 5 cells/mL when measured with a Coulter counter (Multisizer 3, Beckman Coulter, Pasadena, CA). Since 10 μL of the droplet was placed on 1.2 × 1.2 mm gel array, the cell density on the gel was ~2080 cells/mm 2 . This concentration was sufficient to fully cover the surface of a microwell array, considering the number of 14 μm-diameter cells required to cover 1 mm 2 area is only ~660 cells. After cells were cultured for 2 h in an incubator, the microwell array was rinsed with a PBS buffer to remove non-adherent cells sitting on the gel. After the rinsing step, ~75% of the microwells were occupied with MDCK cells on average, when six independently prepared devices were tested. Several experimental factors, such as homogeneity of cell-suspending solution, cell culture time, and the rinsing step may have affected the percentage of microwells occupied by cells.
Next, cells were loaded with calcein-AM dye. Calcein-AM is widely used to assess the viability of mammalian cells. 36 It is virtually non-fluorescent, but when hydrophobic calcein-AM molecules permeate through the cell membrane and encounter nonspecific intracellular esterase enzymes, they are hydrolyzed to become fluorescent calcein (Scheme S1, Supporting Information). The activity of the intracellular esterase enzyme reflects the cell viability. Thus, while viable cells show strong fluorescence, dead cells exhibit weak or no fluorescence. Figure 1A represents a fluorescence micrograph of MDCK cells cultured in a hydrogel microwell array. The fluorescence arose from the calcein loaded in the cells. Figure 1B is a composite image of a false-color fluorescence micrograph in Fig. 1A and its corresponding optical micrograph. Figures 1A  and 1B clearly show that almost all of the cells grown in the microwells were viable.
In general, PEG efficiently prevented the adhesion of cells on the PEG layer of a microwell array. But, apparently, a few cells were found on the PEG layer (for example, see the three cells at the top right corner of the white rectangular box in Fig. 1A) . In this case, these three cells were conjugated with each other, and the two ending cells were securely adhered to the bottom surface. Thus, the non-adherent cell between the two adherent cells can sit on the PEG layer even after a rinsing step. Occasionally, multiple cells were observed to sit in a microwell (see Fig. 1A ). Considering that the diameter of a microwell is 26 μm and that of MDCK single cell is ~14 μm (via a Coulter counter measurement), it is difficult to host more than two cells in a microwell. These multi-cells could not have resulted from proliferation. This is because cell division time for single MDCK cells requires at least 0.4 day (~10 h), but the duration of cell culture in the microwell was only 2 h. 37 Thus, the multicells are likely due to incomplete digestion of adhered cells by trypsin during the preparation of suspended cell solution. As explained previously, one cell among the multiple cells was likely to be adhered on the bottom surface, but the others were likely to sit on the PEG layer.
The fluorescence of calcein dye produced from the hydrolysis of calcein-AM by intracellular esterase enzymes can be utilized to detect a change in the cell volume. Previously, it was reported that the fluorescence of calcein in cells shows quenching by nonspecific protein molecules present in cytosol in a concentration-dependent manner. 38 A swelling cell shows an increase in the fluorescence of calcein because of a reduction in the quencher concentration, but a shrinking cell shows the opposite effect on the fluorescence. [38] [39] [40] Thus, the fluorescence intensity of calcein loaded in the cell can be used for tracing a change in the cell volume in a non-isotonic solution (see Fig. S2 , Supporting Information).
To observe a large area of microwell array, an objective lens with low magnification (10×) was selected.
Since the fluorescence intensity measured with a fluorescence microscope is proportional to the quadruple of the numerical aperture (N.A.) of an objective lens, the use of a low-magnification objective lens, which typically has a low N.A., may produce weak fluorescence. However, as shown in Fig. 1A , the 10× objective lens with 0.25 N.A. produced sufficient fluorescence intensities from single cells. The percent relative standard deviation of fluorescence intensities of 108 single cells shown in Fig. 1A was 15%, suggesting the intracellular concentrations of calcein do not vary significantly among the cells.
We collected time-lapse fluorescence micrographs immediately after the isotonic solution was replaced with a 150 mOsm hypotonic solution. The intensities of each of the single cells were analyzed using the time-dependent fluorescence micrographs of the same sort as shown in Fig. 1A . The ImageJ software allowed us to obtain the contour of each of the single cells and the average of gray values of all pixels within the contour of a single cell, which can be regarded as the average fluorescence intensity of the single cell. This procedure could be massively processed for all of the single cells in each of the time-lapse fluorescence micrographs using the ImageJ. Then, the changes in the fluorescence intensities of individual cells could be plotted as a function of time. This graph could be reflected as a time-dependent plot of changes in the cell volume. Figure 2A displays the region of interest (ROI) pseudo-color images that were selected among time-lapse fluorescence micrographs. The purpose of this display is to better represent changes in the fluorescence intensities of individual cells under a hypotonic osmotic shock. The selected area is indicated by white dotted squares in Fig. 1A . The duration of cells exposed to a hypotonic solution is shown below the micrographs in Fig. 2A . The fluorescence intensities of the single cells generally increased for the first 10 min and subsequently decreased (see Fig. 2A ). This indicates the swelling of cells, followed by the activation of RVD. Figure 2B is an exemplary plot that shows time-dependent changes of % fluorescence intensity (%FI) of seven individual cells shown in Fig. 2A . The %FI change was calculated using Eq. (1). 
Here, It, Io, and IBk are the averaged fluorescence intensity within a cell contour at time t and 0 and the averaged intensity from the background, respectively. The cell numbers shown in Fig. 2B came from the automatic assignment by the ImageJ software. Starting from the top left corner, the seven cells in Fig. 2A were assigned as 223, 242, 253, 251, 252 , 241, and 221 in the counterclockwise direction. The %FI change is closely associated with a change in the cell volume. It has been previously reported that the %FI change of intracellular calcein is linearly proportional to the ratio of solution osmolarities (=isotonic osmolarity/solution osmolarity). 38 In addition, the relative cell volume is linearly proportional to the ratio of solution osmolarities if a cell acts as a perfect osmometer. Fig. 2A . The cell numbers were automatically assigned when analyzing micrographs in the use of ImageJ software. Starting from the top left corner in Fig. 2A , the cells numbers are #223, #242, #253, #251, #252, #241, and #221 in the counterclockwise direction. The complete assignment of cell numbers can be found in Fig. S3 (Supporting Information).
Thus, the general trend of the initial increase in %FI change for the first 10 min indicates an increase in cell volume in a hypotonic solution.
The maximum %FI change, i.e. the maximum cell swelling, varies among the cells. The average and the standard deviation of the maximum %FI change of 108 cells were 13.5 ± 6.8%. This result is compatible with the maximum %FI change observed from astrocyte cells adhered on a surface (~7% in 150 mOsm). 38 The large standard deviation in the maximum %FI change among the MDCK cells suggests the heterogeneity of cell swelling and RVD behaviors.
The single cells of MDCK suspending in a solution, not adhered on a surface, showed an average of ~80% increase in cell volume in a 187 mOSm solution with respect to a 326 mOsm isotonic solution. 15 In this case, the suspending MDCK cells behaved like perfect osmometers, because the relative cell volume (~1.8) was in agreement with the ratio of the two osmolarities, which was 1.74. On the other hand, adherent cells are expected to swell less than suspension cells under the same hypotonic condition. The maximum cell swelling is a function of a kinetic balance of ion channels and transporters expressed in the cell membrane and cytoskeletal stresses. Considering that adherent cells are more resilient to cytoskeletal changes than suspension cells because of cell-surface interactions, the adherent cells are expected to swell less than the suspension cells.
Since the ratio of osmolarities was 2 in our experiments (if cells are a perfect osmometer, the relative cell volume should be 2, i.e. 100% increase in the cell volume), the adherent MDCK cells were expected to show much less than a 100% increase in cell volume in the 150 mOsm hypotonic solution. It is also important to note that the swelling direction of adherence cells mainly occurs in the vertical direction, not in the lateral direction, as we observed that the shape of the single adherent cells did not change significantly (see Fig. 2A ). Previously, it has been reported that a cell height is increased by ~50% in a 50% hypotonic solution. 41 If we assume the adherent cell retains a dome shape during the cell swelling, we can anticipate that the 50% increase in the cell height will lead to ~50% increase in the cell volume, which is much less than 100% increase in the cell volume.
Most of the MDCK cells exhibited the maximum cell swelling at ~600 s (see Fig. 2B ), where the weakest quenching effect of calcein appeared as the brightest fluorescence intensity (see Fig. 2A ). When cells are exposed to an extracellular hypotonic media, they swell initially because water diffuses into the cells across its cell membrane to balance an osmotic pressure between the inside and outside of the cells. This volume change initiates regulatory mechanisms that activate ion channels, cotransporters, and/or organic osmolyte channels in the cell membrane. The slow release of inorganic and organic osmolytes such as K + , Cl -, and taurine is accompanied by an efflux of water from cells, which leads to cell shrinkage.
1 MDCK cells are well-known for the roles that K + and Cl -channels have in their RVD mechanism. 4 To examine the RVD of individual single cells, we analyzed the decrease rate in a cell volume after 600 s. Figure 3A is a representative plot of the volume decreases of single cells. The slope of a linear-regression equation was used to represent the rate of volume change, and had the unit of fluorescence intensity (arbitrary unit) per second. The three single cells (cell #63, 87, and 108 in Fig. S3 , Supporting Information) in Fig. 3A exhibited distinctive differences in the rate of cell volume decrease. The #63 cell showed a slight increase in the cell volume even after 600 s (see data with triangle-shape points in Fig. 3A) , which suggests the RVD mechanism did not work properly. The #87 cell (data with circle-shape points in Fig. 3A ) and the #108 cell (data with square-shape points in Fig. 3A) clearly displayed decreases in cell volume with different rates.
In a similar manner to above, we calculated the rates of volume decrease of all other cells shown in Fig. 1A . The numbers of cells that belonged to a specific range of rates were counted and plotted as shown in Fig. 3B . This plot showed a typical normal distribution. The cells were classified into those with medium/strong RVD and weak/no RVD using a rate of -0.5 × 10 -2 s -1 as a borderline. Among 108 single cells, 60% of them showed medium/strong RVD, while the rest displayed weak/no RVD.
Defective RVD could arise from a variety of causes as several mechanisms have been involved with the RVD. A recent notable study showed a close link between the expression level of transient receptor potential vanilloid (TRPV) channels and RVD. 42, 43 TRPV-4 mediates swelling-activated Ca 2+ influx, which acts as a second messenger for RVD. Since the activity of TRPV-4 is closely associated with the tension of the cytoskeletons caused by cell swelling, TRPV-4 plays an important role in RVD. As demonstrated in this paper, more than 100 adherent single cells could be screened for defective RVD using the single cell microarray, which could not be performed with previously reported methods used to measure the volume change of adherent cells. Thus, if combined with a molecular biology technique 44 that can visualize the protein expression of a single cell that is linked with RVD (for example, TRPV-4), the screening method reported here will function as a powerful tool to elucidate the RVD mechanisms.
Conclusions
We demonstrated that the single-cell microwell array built with photocrosslinked hydrogel can be successfully employed to screen for erratic RVD in high-throughput. The productivity resulted from the ability of a wide-field fluorescence microscopy to detect fluorescence intensities of many single cells simultaneously. In addition, ImageJ software allowed us to analyze time-dependent variations of the fluorescence intensities of those single cells from time-lapse micrographs in a convenient manner. Cells with defective RVD can be further correlated with the expression levels of proteins that are expected to play a role in RVD. Our future study will be focused on the integration of the single cell microwell array with protein expression analysis at the single cell level, which will accelerate the understanding of the whole picture of RVD mechanisms.
